A dministration of general anesthetic agents to developing animals induces increased neuroapoptosis and subsequent neurocognitive or behavioral deficits. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The toxic effects are widespread and affect both neurons and oligodendrocytes. 11, 12 The doses used to produce neurotoxic effects in the animals are analogous to those used in the clinical setting. The peak vulnerability to neuroapoptotic injury in rodents occurs at a stage of brain development equivalent to that of early gestation through infancy in humans. 7 In contrast to general anesthesia, spinal anesthesia in developing rats does not produce increased neuroapoptosis and is not associated with recognized subsequent abnormality. 13 These experimental observations raise concern that exposure of infants to general anesthesia for surgical procedures may increase the risk of subsequent neurodevelopmental impairment (NDI). [14] [15] [16] A study 17 of infants who were born between 1985 and 1988 weighing less than 1000 g or who were less than 27 weeks' gestational age found an adverse association of surgery requiring general anesthesia with moderate or severe disability at age 5 years, with an adjusted odds ratio (AOR) of 10.1 (95% CI, . However, a smaller study 18 of infants born between 2001 and 2004 weighing less than 1250 g or less than 30 weeks' gestational age found no significant effect on neurodevelopmental outcomes at age 2 years, although the infants exposed to surgery had relatively smaller brain volumes and more white matter injury. Several of the indications for surgical procedures in neonates, such as congenital malformations and necrotizing enterocolitis, have increased risk-adjusted odds of neonatal death as great as 3-fold. 19 Postoperatively, neonates have a 40% increased adjusted risk of life-threatening infection. 20 To determine, in a large cohort of very low-birth-weight (VLBW) infants exposed to surgical procedures, whether there was an increased adjusted risk for death or NDI at 18 to 22 months' corrected age (CA), we conducted a retrospective analysis of the patients enrolled in the Eunice Kennedy Shriver National Institute of Child Health and Human Development Neonatal Research Network (NRN) Generic Database.
Methods

VLBW Infants
We studied VLBW infants enrolled in the NRN Generic Database from 1998 through 2009 who had birth weights (BWs) of 401 to 1500 g, survived for 12 hours, and were available for follow-up assessments at 18 to 22 months' CA. We excluded patients who had certain conditions (Supplement [eTable 1]); among the excluded patients were those with congenital heart defects and those who had surgery for patent ductus arteriosus, conditions associated with NDI. [21] [22] [23] [24] The follow-up evaluation included neurologic, hearing, vision, and developmental assessment. 25 Participating centers received local institutional review board approval for data collection. The requirement for informed consent varied among the institutions; where required, it was obtained.
Sample Size
During 1998-2009, there were 12 111 infants of BW 401 to 1500 g with complete data who were included in the analyses (87% of those eligible), and 2970 of these infants had surgery during the initial hospitalization (Supplement [eFigure] ).
Definitions
The primary outcome was death before follow-up assessment or NDI at 18 to 22 months' CA. Because the NRN instrument used in neurodevelopmental assessment changed during the study period, NDI for infants born from 1998 to 2005 was defined as 1 or more of Bayley Scales of Infant Development, Second Edition (BSID-II), 26 Mental Developmental Index (MDI) score of less than 70 or Psychomotor Developmental Index (PDI) score of less than 70, Gross Motor Function Classification System (GMFCS) 27 level 2 or more, moderate or severe cerebral palsy, bilateral blindness, or hearing impairment with hearing aids in both ears. For infants born from 2006 to 2009, NDI was defined as 1 or more of BSID, Third Edition (BSID-III) 28 cognitive composite score less than 80, GMFCS level 2 or more, moderate or severe cerebral palsy, deafness (permanent hearing loss that does not permit the child to understand the directions of the examiner and communicate despite amplification), or blindness (some or no useful vision in either eye). Secondary outcomes were NDI and its components among survivors and, for infants born before 2006, mean MDI and PDI scores.
The principal risk factor was surgery. For some analyses, surgery was classified into 2 subgroups: major and minor. The NRN Generic Database includes data for specific surgical procedures but not for anesthesia. Minor surgery was defined as a procedure that could have been performed under neuraxial, regional, or local anesthesia, such as gastrostomy, peritoneal drain placement, and inguinal hernia repair. Major surgery was defined as surgery that usually is performed with general anesthesia. Major surgery procedures also are more substantial than minor surgery procedures in aspects other than anesthetic agent, such as duration, physiological stress, and postoperative analgesia. The NRN Generic Database includes annotations regarding some circumstances under which surgery was performed, including general anesthesia used for procedures that are usually performed with nongeneral anesthesia.
Severe intracranial hemorrhage (ICH) was defined as parenchymal or intraventricular hemorrhage with ventricular dilatation, or cystic periventricular leukomalacia. Bronchopulmonary dysplasia was defined as requiring supplemental oxygen at 36 weeks. Necrotizing enterocolitis (NEC) was defined as modified Bell classification stage IIA or higher. 29
Statistical Analysis
The χ 2 and Fisher exact tests were used for categorical variables; analysis of variance tests were used for continuous variables. Separate bivariate analyses were performed to assess associations between the primary and secondary outcomes and the main predictors, as well as with potential confounders related to surgery and baseline covariates. To adjust for possible selection bias for performance of surgery, we developed a propensity score (PS) modeling approach. [30] [31] [32] [33] We first attempted to develop a 3-level prediction model for the risk of surgery using proportional odds logistic regression. The proportionality assumption was not satisfied by the data, so we considered a polytomous logistic regression using a generalized logit model. Once a prediction model for 3-level risk of surgery was developed by obtaining the PS for major, minor, and no surgery, we performed a multivariable logistic regression analysis of death or NDI, including adjustment with the PS of major and minor surgeries, as well as baseline covariates. We adjusted for NRN center and also for birth-year cohort effect to account for differences between the BSID-II and the BSID-III instruments. 25, 34 We performed a similar multivariable logistic regression analysis for the outcome of NDI among survivors. In additional analyses of survivors who were evaluated with the BSID-II scales at 18 to 22 months' CA, multivariable linear regression analyses were performed to separately determine the adjusted mean MDI and adjusted mean PDI for the significance and contribution of surgery. These analyses included the PS of major and minor surgery and all of the other variables associated with NDI from the bivariate analyses. Statistical analyses were conducted with SAS, version 9.2 (SAS Institute Inc).
Results
Patient Characteristics
The analyses included 2186 patients with major surgery, 784 with minor surgery, and 9141 patients with no surgery. The patients in these 3 categories differed in most characteristics ( 
Multivariable Logistic Regression Analyses
In a multivariable logistic regression analysis of the primary outcome in which all surgery patients were combined as a risk factor ( Table 3 , model 1), infants who underwent surgery had significantly higher adjusted odds of death or NDI compared with those who had no surgery (AOR, 1.29; 95% CI, 1.08-1.55). The multivariable logistic regression analysis for the outcome NDI among survivors also indicated an increased risk for NDI among all survivors who had surgery (Supplement [eTable 4] , model 2). In a multivariable logistic regression analysis of the outcome death or NDI when surgery procedures were classified as major or minor ( Table 4 , model 3), patients who underwent major surgery had significantly higher adjusted odds of death or NDI compared with those who had no surgery (AOR, 1.52; 95% CI, 1.24-1.87) and with those who had minor surgery (AOR, 1.45; 95% CI, 1.14-1.85). There was no significant difference in death or NDI for patients who had minor surgery compared with those who had no surgery. There were increasing adjusted odds of death or NDI with an increasing number of separate surgeries. In a multivariable logistic regression analysis for the outcome NDI among survivors, there was an increased adjusted risk of NDI among survivors who underwent major surgery compared with those who had either no surgery or minor surgery (Supplement [eTable 5]; model 4). The Supplement (eTable 6) presents evidence that the PS achieved balanced distribution of covariates among the surgery groups.
We performed a sensitivity analysis in which patients who had surgery for retinopathy of prematurity and were initially classified as major surgery patients were excluded, reasoning that there might be a strong possibility for confounding by in-dication. That is, patients who had retinopathy of prematurity sufficiently severe to warrant surgery had a high probability before surgery of having impaired vision and thus NDI. The exclusion of infants with retinopathy of prematurity who underwent surgery did not qualitatively change the primary outcome of death or NDI calculated using model 3. A second sensitivity analysis was performed in which we excluded 123 infants with severe ICH who had shunt procedures, and the primary outcome result was qualitatively unchanged. A third sensitivity analysis was performed in which the classification of 392 patients who had procedures to repair inguinal hernia, gastroschisis, or omphalocele was changed from minor to major surgery. With this change there was no significantly increased adjusted risk of death or NDI for major surgery patients compared with no surgery patients, using models 3 and 4, suggesting a relatively low risk of adverse outcomes for this group of procedures and also that the association between general anesthesia and the primary outcome is dependent on the specific surgical procedure (ie, effect modification). One possible explanation for the effect modification is the length of the procedure and exposure to anesthesia associated with various procedures.
BSID-II MDI and PDI
Among infants to whom the BSID-II was administered, the overall unadjusted mean MDI was 80.0, and the overall unadjusted mean PDI was 84.3. In multivariable linear regression analyses of mean BSID-II MDI and mean PDI between groups ( Table 5 , models 5 and 6), infants who underwent major surgery had an adjusted mean value for MDI of 3.3 (95% CI, 1.4-5.1) less than that for patients who had no surgery and 3.6 (95%, CI 1. 5-5. 3) less than that for those who had minor surgery. The adjusted mean value for PDI for infants with major surgery was 3.6 (95% CI, 1. 8-5.4) less than that for patients who had no surgery and 3.1 (95% CI, 1.0-5.2) less than that for those who had minor surgery.
Discussion
Very low-birth-weight infants who underwent surgical procedures during their postnatal hospitalizations had an increased adjusted risk of death or NDI at 18 to 22 months' CA, and survivors had an increased adjusted risk of NDI. Classification to major or minor surgery groups based on expected type of anesthesia also resulted in an increased adjusted risk of death or NDI for infants classified as undergoing major surgery, but not for those classified as having minor surgery. The adjusted risk of NDI among survivors was increased for major surgery patients. Infants whose surgery could have been conducted with neuraxial, regional, or local anesthesia (classified as minor surgery) did not have a significantly increased adjusted risk of either the primary or secondary outcome. Sensitivity analyses did not alter these outcomes, except when procedures to repair inguinal hernia, gastroschisis, or omphalocele were reclassified from minor to major surgery; this observation of effect modification suggests a relatively low risk of adverse outcomes for this group of procedures that may be a consequence of length of exposure to anesthetic agents. Alternatively, there may be other contributors to the adverse effects of surgical procedures on the primary outcome, such as stress, unidentified physiological alterations, or effects of pharmacologic agents other than anesthetics administered to patients who undergo surgery. The adjusted means for the BSID-II MDI and PDI scores at age 18 to 22 months' CA were less for patients who had major surgery than for those who had minor surgery or no surgery. These results were observed despite adjustment for many covariates that may reflect the level of illness. The covariates in the adjustments of the regression analyses included a PS for the likelihood of having a major or minor surgical procedure, as well as variables that may have independent effects on the outcomes in similar study populations. The PS method provides an alternative approach to covariate adjustment that reduces the entire collection of unbalanced baseline covariates to a single score that can be used for adjustment. Abbreviations: See Table 3 . a The Neonatal Research Network center variable was also included in the model. b Included in the PS model were birth weight, small for gestational age, sex, race, 5-min Apgar score, ICH, BPD, sepsis and/or meningitis, NEC, PDA, multiple birth cohort, antenatal corticosteroid exposure, postnatal corticosteroid exposure, highest level of education attained by primary caregiver, birth year, and center.
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Although we excluded patients who had surgery for patent ductus arteriosus because the procedure in VLBW infants has been associated 23,24 with subsequent NDI or neurosensory impairment, we retained patients who had patent ductus arteriosus but no surgical closure and observed no independent increased risk of death or NDI or of NDI among survivors.
The NRN has previously reported analyses of neurodevelopmental outcomes of VLBW infants following other selected surgical procedures. In a retrospective study 35 of NRN patients, surgery for NEC was a significant independent risk factor for MDI scores less than 70, PDI scores less than 70, and NDI compared with medically treated NEC and no NEC. However, infants who underwent surgery for NEC had poorer growth compared with those in the other groups. Because surgical NEC was presumably associated with greater severity of the disease, an independent effect of surgery could not be demonstrated. In a separate prospective cohort pilot study, 36 neonates with NEC or intestinal perforation who underwent laparotomy under general anesthesia were compared with those who received peritoneal drain placement without general anesthesia. The AOR for NDI or death by treatment group was not significant. In an NRN retrospective cohort analysis, 37 children with severe ICH and ventriculoperitoneal shunts had significantly lower BSID-II MDI and PDI scores compared with those with severe ICH and no shunt.
Other retrospective analyses [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] have examined cohorts of more mature neonates or older children who were exposed to general anesthesia from as early as during the birthing process to as old as 5 years. The observed outcome measures ranged from individual neurodevelopmental testing at 18 to 22 months to learning disabilities identified during childhood and school achievement assessed by group testing at 19 years. Most, [38] [39] [40] [41] [42] [43] [44] [45] [46] but not all, 47-49 studies reported worse neurodevelopmental or achievement outcomes for patients who had surgery than for others, and some reported increasing risk with multiple surgical exposures. 38, 41, 43 It is difficult to determine whether an adverse effect associated with surgery results from the anesthetic drug or from noxious effects of other perioperative drugs and/or events unrelated to the anesthetic. However, a meta-analysis 50 of 7 selected observational studies of the effect of anesthesia with or without surgery in children aged 0 to 4 years on developmental or behavioral outcomes found that the summary odds ratio for adverse outcome was 1.4 (95% CI, 0.9-2.2) when adjusted outcomes were considered. Included among the studies selected for the meta-analysis was one 51 that reported no increase in adjusted neurodevelopmental risk for preterm infants who received prolonged sedation and/or opioids for mechanical ventilation and/or surgery. Another included study 52 examined sedation and analgesia drugs following surgery for congenital heart defects and found no association between dose and duration of sedation/analgesia drugs and adverse neurodevelopmental outcomes.
Major surgery and ICH, which includes cystic periventricular leukomalacia, are significant independent predictors of death or NDI and NDI among survivors (Table 4 and Supplement [eTable 5]). There are likely multiple pathways to NDI in pre-term infants, as suggested previously 53 by the detection of cystic periventricular leukomalacia by ultrasound in a minority of infants with abnormal neurodevelopmental outcomes.
For the present analysis, the type of anesthesia was not documented, and data on the anesthetic agents and doses used and perioperative analgesics, sedatives, and other drugs administered were not available. Of special concern is caffeine, a drug used frequently in VLBW infants, which has been shown 54 to potentiate the neurotoxic effects of anesthetic agents in developing mice; potentiation in infants has not been studied. Data on perioperative events such as hypoxemia, hyperoxemia, hypotension, and hypothermia were not collected and could not be considered for adjustment. Notwithstanding these and other unrecognized potential confounders, this analysis supports the concern that surgery with general anesthesia during a vulnerable period of infancy has an adverse effect on neurodevelopmental outcome and extends that concern to VLBW neonates. On the other hand, this analysis failed to demonstrate increased risk of NDI after surgical procedures that may have been performed under anesthesia other than general anesthesia. The strengths of this study include the large, prospectively enrolled cohort of VLBW infants with individual assessments at 18 to 22 months' CA and adjustment for other risks. The major weaknesses are that the study is a retrospective cohort analysis for which the classification of surgery patients into subgroups is not confirmed by documented type of anesthesia, and there are potential confounders for which we were unable to adjust.
There have been no reported randomized clinical trials examining the potential adverse neurodevelopmental effects of general compared with spinal anesthesia for surgery, al-though at least 1 trial 55 is under way for a selected procedure, inguinal herniorrhaphy. However, it currently is not feasible to conduct a trial of general vs nongeneral anesthesia for many procedures. Large retrospective analyses with extensive adjustment, including for selection bias, using innovative approaches such as propensity scoring, may provide the best obtainable evidence that there are risks associated with general anesthesia and surgery in VLBW infants. Additional information is required on specific agents and the doses and duration of administration to determine whether certain general anesthetic agents and/or practices carry greater risk and so should be avoided if alternatives are available. Meanwhile, potential neuroprotection strategies to ameliorate neurotoxicity may be investigated. 56, 57 Finally, postponement of elective procedures until the infants are older may be considered, especially if the procedure represents a second or subsequent anesthesia.
Conclusions
Exposure of VLBW infants to major surgery is associated with increased risk of death or NDI and of NDI among survivors, each by approximately 50%. The contribution of general anesthesia to this effect is suspected but not yet proven.
